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On the basis of negative transport coefficients, it has been argued that the quantum oscillations
observed in underdoped YBa2Cu3O6+x in high magnetic fields must be due to antinodal electron
pockets. We point out a counter example in which electron-like transport in a hole-doped cuprate is
associated with Fermi-arc states. We also present evidence that the antinodal gap in YBa2Cu3O6.67
is robust to modest applied magnetic fields. We suggest that these observations should be taken
into account when interpreting the results of the quantum oscillation experiments.
The recent observations of quantum oscillations in un-
derdoped YBa2Cu3O6+x (Refs. 1–4) and YBa2Cu4O8
(Refs. 5,6) have generated considerable interest. The os-
cillations have been seen in the longitudinal and Hall
resistivities,1,2,6 as well as the magnetization,3–5 as a
function of magnetic field at very low temperature. While
the Hall resistivity is positive in the normal state, it is
negative when the oscillations are observed. The consen-
sus interpretation is that the experiments imply the pres-
ence of electron-like pockets at the Fermi surface, under
the experimental conditions of high magnetic field (>∼ 40
T) and low temperature (T < 5 K). The evidence for
small electron pockets came as a considerable surprise,
as angle-resolved photoemission spectroscopy (ARPES)
studies in the normal state of underdoped cuprates show
no evidence for such pockets. Instead, one generally ob-
serves a gapless Fermi arc and a large pseudogap in the
“antinodal” region of reciprocal space.7–10 The common
theoretical approach to this problem has been to invoke
some sort of competing density-wave order that causes
a reconstruction of the Fermi surface, leading to small
electron pockets in the “antinodal” region of reciprocal
space.11–20 However, this leaves us with a new problem:
how does one reconcile antinodal pockets with the large
pseudogap observed in the zero-field normal state? This
conundrum has motivated further theoretical work.17,21
The purpose of this paper is to present two phenomeno-
logical observations that bear on the interpretation of the
quantum oscillation experiments. The first has to do with
interpretation of the Fermi-surface pockets as being elec-
tron like: in the one known case of a hole-doped cuprate
where a crossover to electron-like transport is observed
in zero magnetic field (thus enabling ARPES measure-
ments), the behavior appears to be associated with the
Fermi arc states. The second observation has to do with
the likelihood of antinodal Fermi-surface pockets: opti-
cal conductivity measurements on YBa2Cu3O6+x indi-
cate that the antinodal gap is fairly robust in a magnetic
field. These results suggest that a reconsideration of the
theoretical interpretation of the quantum oscillation ex-
periments may be in order.
The case of electron-like transport occurs in
La1.875Ba0.125CuO4 (and also
24,25 in rare-earth-doped
La2−xSrxCuO4 with x ∼ 18 ). Figure 1(a) shows the
in-plane thermoelectric power, Sab, taken from Ref. 22.
While Sab has a substantial positive value above 54 K,
it drops rapidly below that temperature, becoming nega-
tive below 45 K. Below 40 K, the thermpower approaches
zero due to superconducting correlations; when the su-
perconductivity is suppressed with a magnetic field, the
thermopower remains negative. The sign of the ther-
mopower, like the sign of the Hall coefficient, is generally
interpreted (in a one band model) as the sign of the car-
riers. Based on such an interpretation, we appear to have
electron-like carriers for T < 45 K.
For comparison, Fig. 1(b) shows the temperature de-
pendence of the energy gap measured at several points
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FIG. 1: (color online) Collected results for
La1.875Ba0.125CuO4: (a) In-plane thermopower, Sab,
from Ref. 22. (b) Gap in the electronic spectral function at
several k points, indicated in the inset, from the ARPES
study of He et al.23
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FIG. 2: (color online) The interlayer c-axis conductivity for
YBa2Cu3O6.67 at 8K in zero magnetic field and at 8 T, us-
ing results from Ref. 29. Inset: the magnetic field depen-
dence of the superfluid density ρs(H). Dashed (gray) line,
main panel: a hypothetical result assuming that the oscilla-
tor strength corresponding to ρs(0T ) − ρs(8T ) is transferred
to a coherent c-axis response (Drude peak), with scattering
rate 1/τ = 50 cm−1.
on the nominal Fermi surface in La1.875Ba0.125CuO4 by
He et al.23 For T >∼ 40 K, including the region where
Sab < 0, there is a gapless Fermi arc. Below 40 K, where
Sab ≈ 0, there is a d-wave-like gap on the Fermi arc. We
conclude that the negative thermopower must be associ-
ated with the Fermi arc states. Note that the antinodal
states remain gapped throughout this temperature range.
In a recent study, Chang et al.25 have shown that
the temperature dependence of the thermopower in
YBa2Cu3O6.67, measured in a high magnetic field, is very
similar to that found in La1.875Ba0.125CuO4. In particu-
lar, it goes negative for T <∼ 50 K, and a field of 8 T is
sufficient to access this negative thermopower state down
to ∼ 30 K. (For a similar temperature-dependent sign
change in the Hall coefficient, see Fig. S1b in the supple-
mentary material to Ref. 2.) It would be very surprising
if the physics behind the negative thermopower in these
different systems were not the same. (We note that a new
paper26 reports quantum oscillations in YBa2Cu3O6+x
with x as large as 0.69.)
It is also of interest to consider probes that are directly
sensitive to the development of coherent antinodal pock-
ets induced by magnetic field at low temperature. One
such probe is optical conductivity measured with the po-
larization of the light along the c axis. The antinodal
states are crucial to conduction between the planes,27
and c-axis optical conductivity measurements on under-
doped YBa2Cu3O6+x provided one of the first sightings
of the electronic pseudogap.28
For the real part of the c-axis conductivity, σ1,c(ω),
the pseudogap shows up in the normal state as a strong
suppression of the low-frequency electronic conductiv-
ity as the temperature is reduced towards the supercon-
ducting transition temperature, Tc. For YBa2Cu3O6.67
(Tc = 60 K), recent measurements
30 show that the low-
frequency limit of σ1,c is approximately 25 Ω
−1 cm−1
at room temperature; in contrast, the value at Tc is al-
ready very close to that at T << Tc, where it reaches
10 Ω−1 cm−1. If a strong magnetic field suppressed the
pseudogap, or induced coherent states at the Fermi level,
we would expect to see an increase in the low-frequency
conductivity.
The impact of c-axis magnetic fields (up to 8
T) on σ1,c(ω) for YBa2Cu3O6.67 has recently been
reported.29,30 In Fig. 2, we show the low-temperature
results (T = 8 K) on log-log scales to emphasize the low-
frequency and low-conductivity regimes. Application of
a magnetic field of 8 T causes remarkably little change
in σ1,c(ω), even though this field is sufficient to reduce
the superfluid density by 50% (see inset of Fig. 2). If
the electron density removed from the superfluid were
transferred to coherent antinodal quasiparticles, then we
would expect to regain a substantial fraction of the low-
frequency conductivity found at room temperature. An
estimate of that response is indicated by the dashed line
in Fig. 2. In actuality, the spectral weight removed from
the condensate in finite fields is transferred to frequen-
cies above 1000 cm−1 (i.e., >∼ 100 meV), which is above
the pseudogap energy.29 The absence of any significant
field-induced spectral weight at low frequencies indicates
that the antinodal gap is rather robust.
The maximum field used in the optical conductivity ex-
periment is certainly much less than the threshold field
for observing quantum oscillations (∼ 30 T). Neverthe-
less, as already pointed out, Chang et al.25 have shown
for this composition31 that 8 T is sufficient to access
the phase with electron-like transport at higher temper-
atures. At 8 K, where the optical measurements were
done, we expect that the “normal” state associated with
the magnetic vortex cores corresponds to this same phase
with electron-like transport. The absence of any field-
induced Drude component in σ1,c(ω) suggests to us that
there is no coherent single-particle weight at the Fermi
level in the antinodal region. Note that this argument
is independent of whether or not there is any competing
order present. If there are no quasiparticles at the Fermi
level in the antinodal region, then it does not matter
whether there might be nominal pockets in that region
due to Fermi-surface reconstruction. One possibility that
we cannot rule out is that the quasiparticle weight is fi-
nite but incredibly small at 8 T. In that case, the weight
would certainly be larger at the much higher fields of the
quantum oscillation regime. Further analysis and discus-
sion of this problem are presented in Ref. 32.
To summarize, we have made two phenomenological
observations that are relevant to the interpretation of
quantum oscillation experiments on underdoped cuprate
superconductors. In the first case, we have pointed out
an example in which electron-like transport behavior is
3associated with Fermi-arc states. While we cannot ex-
plain why this occurs, we believe that the experimental
facts are solid. In the second case, we have shown that
c-axis optical conductivity measurements provide direct
evidence that moderate magnetic fields have negligible
impact on the antinodal pseudogap. We suggest that
these are good reasons to question common assumptions
and to reconsider the theoretical interpretation that the
quantum oscillation experiments must be due to antin-
odal electron pockets.
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Note added: A new theory paper has proposed that
quantum oscillations could result from Fermi arcs com-
bined with antinodal pairing gaps.33 Those authors did
not consider the effective sign of the charge carriers.
Combining their idea with our phenomenological obser-
vation of electron-like response associated with Fermi arc
states in the stripe-ordered phase provides a possible al-
ternative to the antinodal pocket scenario for interpreting
quantum oscillation experiments.
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